Effect of operating variables on the rectification of benzene and toluene by Stewart, Paul Bennett, 1910-

EFFECT OF OPERATING VARIABLES ON THE RECTIFICATION
OF BENZENE AND TOLUENE
DISSERTATION
Presented to the Faculty of the Graduate School of
The University of Texas in Partial Fulfillment
of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
By




Distillation as an art goes back to the Middle Ages at
12*
least, as evidenced by alchemical prints showing various
early forms of equipment. Particularly prominent up to the
present century were destructive distillation processes, and
the distillation of wines and fermented mashes to yield brandies
and other spirituous liquors.
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Until the appearance of treatises by Borel and by Eaus-
-18
brand, and indeed even to the present day, knowledge of the
subject was almost entirely empirical and uncoordinated with
basic scientific laws. Sorel treated the distillation of binary
mixtures mathematically from the standpoint of heat ana material
balances, and thus laid the foundation for the science of dis-
tillation.
Since then steady and progressive applications of mathemat-
ics, physics and chemistry have been made. Current lines of work
include refinements of present methods of calculation for binary
mixtures, for three-component and more complex mixtures, and for
design of equipment.
Peculiarly enough, although there is a very active interest
*Superscripts refer to references listed under ’’Literature Cited”
at the end of the thesis.
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in distillation, the great majority of the articles on the sub-
ject are theoretical in nature and do not represent new distil-
lation data under commercial or semi-commercial conditions. In
fact, no published data are availaole on semi-commercial bubble'
tray columns to comprehensively show the effect of operating-
conditions, in particular, reflux ratio and point of introduc-
tion of feed. This work was undertaken to shed some light on
these very important factors for bubble-cap columns.
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There are several treatises on distillation,
’ and many
articles pertaining to this subject are to be found in the per-
iodical literature. 3ut relatively little has appeared on the
experimental determination of the many variables affecting oper-
ating efficiency of bubble-tray columns. Many authors""^
} * 1 9 have publisned worxs purporting to show the
effect of changing one or more of the operating variables, but
almost without exception, these are based on theoretical consid-




Sorel and Hausbrand developed rectification calculations
in terms of ’’theoretical plates;” a theoretical plate being con-
sidered as one on which the liquid had a uniform composition and
from which the vapor attained equilibrium concentration.
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Later, McCabe and Thiele"' by use of the additional approx-
imations, partly stated and partly implicit, of; (l) equal molar
latent heats of the components, (2} negligible heat of mixing,
and (3) negligible sensible heat effects, noted that concentra-
tions of vapor entering a plate were linear with concentrations
of liquid on that plate for fixed operating conditions. This ob-
servation was developed into a rapid graphical method of calcu-
lating the number of theoretical plates to effect a given separa-
2
tion of a binary mixture.
The number of theoretical plates divided by the number of
actual plates is designated H overall column (or plate) effi-





noted that in most instances the actual number
of plates was considerably greater than the theoretical number,
since the vapor was not fully enriched to its equilibrium con-
centration with respect to the plate liquid. Simultaneous en-
richment of the vapor by stripping the liquid of its more vola-
tile component is a rate process governed by the laws of
diffusion. By applying the diffusion equations in the forms
available at that time Murphree developed individual plate ef-
ficiency equations applicable to point conditions with respect
to the liquid. These equations expose the major variables
affecting plate efficiency, according to the diffusional mech-
anism. They have been reaffirmed by from the more
modern diffusion equations, and in modern notation are:
For controlling resistance in the vapor film,
For controlling resistance in the liquid film,
n - y~n~l _ i ~ e
M
’







b Murphree vapor film efficiency
M, v
rj M l - Murphree liquid film efficiency
yn-1 z Molar composition of vapor entering plate "n".
y
n
= Molar composition of vapor leaving plate "n".
y* = Molar composition of vapor in equilibrium with
liquid on plate "n".
f
v
= Vapor film coefficient
fjj = Liquid film coefficient
A = Interfacial vapor-liquid area
G - Effective time of contact of liquid and vapor
m =r Slope of equilibrium (y*-x) curve at average
composition of vapor between y and yrx _ l
Equations 1 and 2 provide a theoretical basis for calcula-
ting and interpreting plate efficiencies. Numerical values are
obviously the same regardless of which film is controlling.
However, these equations are strictly applicable only to point
conditions of liquid concentration, or to plates on which the
liquid composition is constant. In large columns the liquid
flow ©.cross the plate is such as to give semi-counterflow con-
tact with the vapor rising through it from below;. de-
veloped mathematical relations between the Murphree or ’’local"
plate efficiency and the "overall plate" efficiency for the
n_~_ i - e
m





more common arrangements of vapor and. liquid flow in commercial
columns.
Lewis also developed relations between overal column effi-
ciency and Murphree efficiencies for the rare case in which y*
and x are linear. The corresponding relations for the general
case have not been developed, and promise to be extremely complex.
In small columns (containing only one or two bubble caps per
plate) liquid concentration differences at various points on a
plate are much smaller than in large commerical columns, and can
be satisfactorily taken as constant at an average value for use
in calculating plate efficiencies. This enables the local
Murphree efficiency in the simple form of equations 1 and 3 to
be applied to an entire plate in smell columns.
SUMMARY OF PREVIOUS EXPERIMENTAL WORK
Design Variables
Construction of a column involves bubble cap design, plate
spacing, plate arrangement, down pipe size and arrangement,
and other factors. Obviously, when a column is once built,
barring changes in it, these items become constant for that par-
ticular unit. Plate spacing has probably been investigated more
extensively than any other design variable, particularly in
regard to its effect upon entrainment. Work on this subject in-
cludes articles by Sherwood and by Holbrook and Baker,
51
and by Singer, Wilson and Brown. Decrease in plate spacing
increases entrainment, thereby reducing the allowable vapor
velocity and decreasing separation. As might be suspected,
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foaming characteristics of the liquid rather than plate spacing
sometimes controls allowable vapor velocity.
Effect of Vapor Velocity
Maximum allowable vapor velocity is of major importance
since it determines the capacity of a column. Brown and Loch-
hart present data on a 30-plate gasoline fractionating column
six feet in diameter and 85 feet high. They show that effici-
ency is higher in the stripoing than in the enriching section,
and that over most of the range covered, the overall efficiency
is essentially independent of vapor velocity but drops off in
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both sections at low velocities. Peavy and Baker gave results
on a 3-plate, 18-inch diameter laboratory column operated on
ethanol-water. They conclude that the Murphree efficiency
reaches a maximum near the middle of the operable vapor velocity
range, and that the higher the liquid level on the plate the
0
higher the efficiency. Carey, Griswold, Lewis and McAdams re-
port data obtained on a 10-plate column operated on benzene-
toluene, concluding that the plate efficiency is essentially
independent of vapor velocity except at high and low extremes of
velocities where the efficiency decreases somewha.t. Kirschbaum
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and Andrews,"" from rectification data on ethanol-water, conclude
that efficiency reaches a maximum at some definite vapor veloci-
ty, and is also a function of reflux ratio, the higher reflux
ratios giving greater efficiencies.
Effect of Liquid Concentration and Viscosity
Liquid concentration in relation to its effect on efficiency
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has been studied experimentally for the ethanol-water system by
by Rhodes and Slachman,and by Keyes and
There is agreement in the conclusions that local Murphree effi-
ciency, overall Murphree efficiency and overall plate efficiency
all show a maximum near the center of the liquid concentration
range. Furthermore it is pointed out that the viscosity of the
liquid also attains a maximum at or near the same point. Results
on ethanol-water were essentially duplicated on the same column
running isopropyl alcohol-water mixtures by Langdon and Keyes.
’ v
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Rhodes and Slachman also worked with benzene-toluene mixtures,
and state that efficiency, as with ethanol-water, is essentially
independent of concentration; both of their curves show slight
maxima, however. Drickamer and obtained an essentially
linear relation by plotting the logarithm of molal average vis-
cosity versus plate efficiency data for a large number of commer-
cial columns operating on petroleum fractions.
Theoretical considerations indicate that the effect of
liquid concentration is twofold. The first factor, brought out
in the introductory pages of Drickamer and Bradford’s article,
is that due to the diffusional film on the liquid side of the
gas-liquid interface, plate efficiency should increase as liquid
viscosity decreases. The viscosity of a liquid mixture depends
upon both the temperature and the composition. Secondly, a
noticeable temperature or viscosity effect indicates an appre-
ciable liquid film resistance, since these properties of the
liquid are much more greatly affected by temperature and by
composition than are the same properties of the vapor. Theo-
7
reticaily, the Murohree efficiency is independent of concentra-
tion when vapor film controls, but not so when the liquid film
resistance is an important factor. This latter point has been
developed by for absorption, and discussed by Gerster,
Koffolt and for distillation.
Column design may affect the relative importance of liquid
and vapor films to some extent, which is perhaps a partial ex-
planation of some of the discordant results on different equip-
ment as noted earlier.
Effect of Other Variables
Other operating variables have received scant attention.
The conclusion of Kirschbaum and Andrews as to the role played
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by reflux ratio has already been mentioned, day points out
that feed plate location is important, stating that the higher
the temperature of the feed the lower it should be introduced
into the column; this is contrary to theory, and Gay presented
no experimental verification of his statement.
Surmnary
The works of earlier investigators bring out these points:
(l) separation efficiency and allowable vapor velocity decrease
with decrease in plate spacing, (2) vapor velocity has no marked
effect on column efficiency, (3) liquid concentration has been
shown to affect column efficiency for the ethanol-water and the
isopropanol-water systems, and (4) effects of other important
variables have not been determined*
8
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Probably the best summary is given by Keyes and Byrnan
in the sentence:
Glearcut analysis of the problem of fractional
distillation, as derived from well-planned experi-
ments, seems almost impossible because of the complex
interaction of the many controlling factors.
STATEMENT OF PROBLEM
This work is divided into several parts, which, in chron-
ological order, are: (1) completion and placing in working-
order of a 6-inch diameter 12-plate rectifying column and aux-
iliaries, (2) purification of sufficient benzene and toluene
to perform distillation experiments, (3) compilation of thermo-
dynamically consistent data on the enthalpies of liquid, vapor,
and of vaporization of benzene and toluene, (4) determination
of heat losses from the column, and (5) determination of the
effects of several operating variables on the efficiency of rec-
tifies tion.
SUMMARY OF PRESENT EXPERIMENTAL WORK
Equipment
The first part of this work was the completion of the rec-
tifying column and auxiliary equipment, photographs of various
parts are shown in Figure 1, and Figure 2 is a schematic diagram
of the unit. A detailed description of the individual parts is
given in Part IV of this thesis. Briefly, it consists of:
1. Rectifying column: 6-inch diameter, 12 plates, each
plate having two bubble caps arranged so that liquid flows past
the caps in series.
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3. Reboiler: 40-gallon capacity with internal steam heat-
ing coils.
3. Condenser; Double pipe heat exchanger, 15 feet long,
made in three sections of concentric 3-inch and 3-inch pipe. Ap-
proximately 9 1/3 square feet of heat transfer surfa.ee.
4. Bottoms cooler; Identical to condenser.
5. Flow measurement; Rotameters in feed, reflux and pro-
ducts lines, and in main water line to condenser. Orifice meters
in by-joass water line to condenser, and in water line to cooler.
8, Temperature measurement: Iron-constantan thermocouples
with ice-water cold junction connected to portable potentiometer.
Enthalpy Data for Benzene and Toluene
For both benzene and toluene, and for mixtures of the two,
thermodynamically consistent enthalpies of the liquid, vapor, and
of vaporization were developed from data in the literature.
Fractionation Experiments
After purification of the benzene and the toluene by reruns
and then azeotropic distillations, the following series of runs
were made:
1. Fourteen runs at total reflux to determine the heat loss
from the column and auxiliaries. The heat loss was calculated
as the difference between the sum of the heat given up to the
condenser water plus the heat removed in the steam condensate,
and the heat input in the steam.
2, Fifteen runs at total reflux to determine the effect of
vapor velocity on column performance, and. to partially ascertain
10
Views of 12-Plate Column
/. Condenser, Feed Tank £ Coft/nw Top
2. Meters, Contro/s £ Rkp/ux Proport/oner
3 Reboiler. Tanks £ Bottoms Coo/er
4. Reboi/er, Coo/er, Tank £ P/p/nj
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the effect of liquid concentration.
3. Sixteen runs at partial reflux with feed introduced at
different plates of the column to study the effects of both con-
centration and of feed plate location.
4. Two runs as a 12-plate all-enriching column, with the
overhead product run continuously into the reboiler as feed.
Tne equivalent theoretical plates were calculated by the
McCabe-Thiele graphical method for each run, and from these the
overall column efficiencies were computed. Murphree efficien-
cies were calculated for several runs, and later converted to the




Notes on Figure 3
Effect of concentration is the obvious starting point for
the separation of variables affecting plate efficiency, since
it can be shown by data of individual runs (of which operating
conditions are always constant).
Runs for each type of operation are included. Run Nos. 10,
21, a,nd 35 are of relatively smooth data., whereas Run No. 25
characterizes many of the partial reflux runs in which the indi-
vidual plate efficiencies scattered considerably more than oc-
curred in other types of operation.
Reproducibility of individual plate efficiencies is never
very high, and smoothness of the present data compare quite favor-
ably with similar data reported in the literature.
Since cold reflux was used throughout and cold feed was in-
troduced to the column in the partial reflux runs, the top plate
and feed plate act both as fractionators and as partial condensers.
This results in inordinately high efficiencies for these plates.
In the light of the preceding discussion, it is improper to
represent plate efficiency data for any one run by a single line
since a line is not reproducible. Consequently, straight bands
were used to represent the data, excluding consideration of top
and feed plate efficiencies.
With due allowance of the factors noted, the slopes of the
bands as drawn represent the data best, although for Run 25, scat-




As pointed out in the review of previous work, the opera-
ting variables in bubble-tray column rectification are many,
and their interrelation is so complex as to make the effect of
any one of them extremely difficult to isolate.
The data on all runs were calculated to obtain the overall
efficiency (see Part IV). Murphree efficiencies were also com-
puted for several runs of each type; total reflux, partial re-
flux, and partial reflux with feed introduced into the reboiler.
Effect of Concentration
The effect of concentration was the first variable attempted
to isolate, plots of Murphree efficiency versus concentration
for typical runs are given in figure 3. In general, the plate
efficiency-concentration bands are well defined, and all show ap-
proximately the same slope, indicating that with decrease in
concentration of benzene the efficiency increases. Insofar as
can be ascertained, the slopes of the bands for runs both at
total reflux and at partial reflux with the feed introduced into
the column are the same. Concentration effects in the two total
enriching column runs appear to be somewhat greater than in the
other types of operation.
It has been noted earlier that efficiency has oeen tenta-
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tively correlated with viscosity for petroleum mixtures in com-
mercial columns. In the case of the benzene-toluene system data
on these indicate that the viscosities are
very nearly equal. Furthermore, between 191 and 203 degrees
Fahrenheit, which was the usual temperature range in the column,
the effect of temperature upon liquid viscosity is small, only
about one per cent. Consequently, no viscosity-efficiency effect
can be ascertained from these data.
Liquid and Vapor Film Resistances
Griswold-*-0 developed an efficiency relation based upon
liquid film resistance# The Murphree efficiency, which assumes
vapor film resistance controlling, is, again;
The corresponding efficiency assuming liquid film resistance
controlling is likewise,
where m is the average slope of the y*-x equilibrium curve be-
tween yn and ynVl ,fv and fL the vapor
and liquid film coeffi-
cients respectively, A the effective interfacial area, and 9 the
n = Ist l Zn = 1 - e- -^9 .X - e-k




= 1 - e
“
= 1 - e
-k/ m
i,L 4*l - yn ... 3
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effective time of liquid-vapor contact. From these relations
it is obvious that the numerical values of Murphree efficiency
must be the same in either case. However, the vapor film ef-
ficiency is independent of concentration, while the liquid
film efficiency depends upon the slope of the equilibrium curve,
m, which decreases as x increases.
The exponential group of equations 1 and 2 is not entirely
separable into component variables but is determinable as a
whole from experimental plate compositions. However, the slope
of the equilibrium curve is known and can be eliminated from
the exponential group of equation 2. All the variables of the
group should be substantially independent of concentration in
any given run.
Figure 4 is a plot of equations 1 and 2 taking constant
(fA©) = 0.92 for , and (0.92/m) forr^c ; m being the slope of
the benzene-toluene equilibrium curve as given in Figure 5.
This illustrates the effect of concentration on efficiency
where liquid film resistance controls. The exponential func-
tion is plotted in Figure 6 for convenience of usage.
A similar procedure was used to develop Figure 7 of exper-
imental efficiencies for typical runs. First, was found from
the experimental data by use of equation 3. Then k was read
from Figure 6, and divided by m read from Figure 5 at y for
each plate. Next (k/m) was calculated and the efficiency corres
ponding to it was read from Figure 7 (see Table 13 in Appendix).
Thus Figure 4 is of liquid film efficiencies corrected for slope







From the much smaller slopes of the efficiency-concentra-
tion bands it is concluded that liquid film controls for the
partial reflux runs. Apparently at total reflux both films are
important, although why this should be is not known.
Comparison of Overall Column and Murphree Efficiencies
The overall column efficiency,
4
is much simpler to compute than is the Murphree efficiency for
a multiplate column. Comparison of the two efficiencies on
typical runs is given in Table 1 on the next page. From these
it is concluded that for the present experiments at least, there
is no consistent difference between the two. Further work showed
that the Murphree efficiency gave no better consistency in the
correlations than did the overall column efficiency; hence the







Slumber of actual plates
(12 in this column)
22
TABLE 1
Effect of Vapor Velocity
In order to establish the role of vapor velocity it was
necessary to assume that the effects of this variable and of
concentration are algebraically additive. Therefore, the
efficiencies calculated for the total reflux runs were correc-
ted to a common concentration (x. 3 = 0.65), which was selected
because it was the average value for many of the runs, as
shown in the summary of calculations. The efficiencies cor-
rected for concentration were then plotted as in Figure 8,
which indicates that over the middle half of the vapor velocity
range from lowest practicable operating conditions to flooding,
COMPARISON 011 OVERALL ANE) MURPHREE EFFICIENCIES
Run Number 5 6 7 10 21 24 2b 35
Murphree Eff.
Plate 12 94.3 88.6 34.9
11 96.0 56. S 75.7 35.1
10 69.8 55. 2 54, 6 40,8
9 82. 5 53.7 57.6 53.3
8 95.3 50.6 90.5 87.5 48, 5 80.0 63.2
7 85.0 44.8 68.2 65.8 55. 5 65. 2 15.6 72.9
o 65.2 33.1 58.3 60.4 51.5 56.7 13.3 78.2
5 66.7 39.4 57.3 57.8 118.0 61.5 33.3 86.7
4 63.1 38.2 43.7 65.9 92.7 59.0 32,7 100,0
3 59.9 41.3 40.6 65.3 74.2 57.4 71.8
2 62.2 43.6 39.5 68.7 90.2 62.5 13.0
1 70.6 57.2 5b. 3 79.8 95.5 75.9 69.4
Avg, Murphree
Efficiency 68.7 52.9 56.7 68.6 73.8 62. 6 48,8 62.8
Overall Col.




vapor velocity has no detectable effect on efficiency. At very
low velocities the efficiency was found to increase somewhat,
while it markedly decreased at velocities approaching the flood
point.
Effect of Feed Plate Location
The point of introduction of the feed was varied over
quite a number of positions in different runs. Again assuming
all variables additive, the efficiencies of all partial reflux
runs were corrected to the same average liquid concentration by
the method used earlier. The efficiencies of two runs at ex-
tremely low vapor velocities were further adjusted for the ef-
fect of velocity using Figure 8; these latter corrections were
small in both instances.
As a. measure of actual feed plate location the ratio of
the number of plates in the enriching section to the total num-
ber in the column was chosen, which can be written
In this calculation the feed plate was counted twice, that is,
included in both enriching and stripping sections. To determine
a theoretical location of the feed plate, the number of theo-
retical plates at total reflux to give the overhead and bottoms
products was computed by the McCabe-Thiele method. The feed
composition was then located on this diagram, and again the
ratio of number of plates in enriching section to total plates
Feed plate location index = jr£“j.^-§—irf
Plates in enriching-fstripping sections
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calculated. These twr o ratios, actual and "theoretical" location
of feed plate, were then divided, one by the other, and the re-
sulting ratio plotted against corrected efficiency as shown in
Figure 8. The points on this plot scatter quite markedly, so
here, too, a band correlation was made. This graph indicates
that the nearer the actual is to the "theoretical" location of
the feed plate when the feed is introduced above the "theoretical"
location, the higher the efficiency. Gold liquid feed was used
in all runs.
However, when the feed was introduced below the "theoretical 11
location, efficiency of operation as measured by plate efficiency
actually gave improved column performance. This is further sub-
stantiated by the two runs in which the apparatus was used as an
all-enriching column with the overhead product recycled to the
reboiler as feed. In these runs the bottoms product was purer
toluene than the McCabe-Thiele method of calculation indicates
that it is possible to obtain, which phenomenon can be designated
as very high efficiency. No explanation is offered for this ap-
parent anomaly, but the trend is evident in a sufficient number
of runs and the reproducibility was sufficiently good so that it
may not oe ascribed to experimental error.
Effect of Heat Loss
From a study of the calculations on the partial reflux runs
it is apparent that the internal reflux produced by heat loss be-
comes an important factor only when the vapor velocity is low.
The quantity of vapor condensed by heat loss per unit time is
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essentially constant in any one section of the column. At low
vapor rates this quantity appreciably changes the magnitude of
the rate of flow; at higher rates heat-loss condensate is only
a small fraction of the reflux from the condenser. Below the
feed plate in all cases, the effect of heat-loss condensate on
(L/V) is negligible, but at low rates it becomes significant
above the feed plate. As shown in the sample calculation for
Run 29, given in the Appendix, the slope of the enriching line
was corrected for heat loss at intervals of four plates by an
enthalpy balance.
At medium to high vapor velocities, therefore, the column
may be considered to be substantially adiabatic.
Miscellaneous
No correlation was attempted between reflux ratio and
efficiency. This much might be said: with decreasing values
of (L/V) the efficiency seems to increase somewhat, although
the points scatter too greatly to show conclusively any effect.
As shown in Table 10, in all but two runs the feed plate




method of locating the intersection of the op-
erating lines gave results that were consistently low; i.e.,
the intersection given by the ”q line” and the enriching line
was at a lower value of x, from 10 to 15 per cent units, than
was the intersection determined by the feed plate composition
and the enriching line. The "q-line” calculation of feed plate
composition is valid only at theoretical minimum reflux ratio,
27
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as pointed out by Underwood.
Another general conclusion that can be drawn from this
work is that the column tends to send overhead a product that
is very nearly pure benzene, no matter how the operating con-
ditions are varied.
Summary
Briefly, the results of this work show:
1. The effect of vapor velocity upon efficiency for this
column when operating on benzene and toluene at least, is neg-
ligible except at the extreme ends of the vapor velocity range.
2. The separation efficiency increases approximately with
the concentration of toluene in the plate liquid and independ-
ently of other variables, as required by a controlling liquid
film resistance.
3. The feed should be introduced at or below the theoret-
ical loca.tion to obtain maximum efficiency. When the feed is
introduced too high in the column the efficiency decreases;
when too low, it apparently increases.
4. Variation in reflux ratio shows no marked effect on
efficiency.
5. for partial reflux runs the liquid film controls; for
total reflux both films are important.
These conclusions are of significance in operations where
a fractionating column has an inadequate number of plates to
produce high purity or ultimate separation in both overhead and
bottoms products, and where cold feed is used. This is a case
of common industrial practice.
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III
THERMAL PROPERTIES OF BENZENE AND TOLUENE
Comprehensive fractional distillation calculations require
accurate thermal properties of the components and of their
mixtures. A literature survey was made to determine the best
thermodynamically consistent values of the -properties for ben-
zene and toluene: enthalpy of liquid, enthalpy of vapor, and
enthalpy of vaporization, at various temperatures.
BENZENE
A complete compilation for benzene has been made by the
National Bureau of Standards
1
over the temperature range uto
130° 0. Consequently all that needed to be done with these
data was to convert the metric units (in which they were re-
ported) to English engineering units. These data are presented
in Table 2, a.nd graphically in figure 9.
TOLUENE
Only random, and for the most part incomplete, data are
available for toluene. Vapor pressure values are reported by
05 3
Krase and Goodman ~ and by Barker, as well as in the Inter-
-34
national Critical Tables. Data, from these sources were
smoothed by a plot of reciprocal of absolute temperature ver-
sus log of vapor pressure, and the vapor pressure values used
were those read from this graph.
Apparently there is only one reported determination of
39










































































































































































































































at its normal boiling point. Of necessity, recourse wa.s made
to several methods for estimating such properties. Qthmer's
"reference substance" correlation of latent heat with vapor
(which may be derived from the Clausius-Olapeyron
equation) is:
where the P terms refer to vapor pressures, and the (M A) terms
to molar latent heats of vaporization. Choosing benzene as the
reference substance, a plot of log P versus log P 1 was made.
The slope of the straight line obtained on this graph gave the
ratio of the latent heats: 1:1.105. This enabled a table of
values for toluene to be calculated from the known latent heats
of benzene.
A second method for estimating latent heats of vaporiza-
tion from vapor pressure data, also based on the Olapeyron
o o
equation, has been proposed by Fallon and Watson. Their re-
lation, which corrects for the non-ideality of the vapor phase,
is
where standard symbols are used. A series of values of the
molar latent heats of vaporization for toluene was calculated
from this equation.
The values from Equation 5 were found to be in much better
log P = (MA/M* A') log P' +■ 0 ... 5




agreement with the single reported experimental value than
those calculated by Equation 6. The value given by Equation
5 for 110°C. is less than 1/2 of 1 per cent low. These cal-
culated values were assumed to be correct.








and Williams and Daniels." The agreement among the first
three sets of data is quite good, but those of Williams and
Daniels are not at all concordant with the others; this is per-
haps due to the fact that the last-named measurements were made
on a "super-dry” material. As a further check, several values
were calculated from Watson's empirical equation
The calculations gave values that were consistently lower than
those determined experimentally, although the slope of the
straight line on the plot of molar heat capacity versus temper-
ature was in good agreement with the data.
Specific heat data for toluene vapor are reported by Stull,
(from calculations based on spectroscopic data), and by Mont-
-31
gomery and DeVries, from experimental work. The agreement is
32
C = [(0.355 +■ 0.128 x 10-2 (°API) +• (0.503 + 0.117 xlO 2
Jr




K - UOP characterization factor I —I
Lsp. g. at 60°F.J
°API = density on API scale = 30.6 for toluene.
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quite good between these two sets of values.
In order to obtain thermodynamic consistency among latent
heat of vaporization, heat capacity of liquid, and heat capacity
of vapor, recourse was had to the basic equation
where standard symbols are used. On the assumption that the
latent heats of vaporization were probably the most accurate of
all values and that experimental heat capacities of the liquid
were essentially correct, the specific heats of the vapor reported
by Stull was reduced slightly (see Figures 11 and 13) so as to
give consistent results when substituted in Equation 3. The re-
sults were used to calculate the molal enthalpies of toluene,
and these are given in Table 3 and Figure 10.
BENZENE-TOLUENE MIXTURES
The next step was to prepare an enthalpy concentration
chart for benzene-toluene mixtures. The general equation used
in calculating the enthalpy of a liquid mixture is
9
where and Hg are taken at the temperature of the mixture.
This neglects the heat of mixing, but this quantity is small, as
3 ' 37
shown by the data of Baud reported in 1.0.T. Enthalpies of








































32 0.137 0.0093 16,620 35.70 23.16 0 16,620 16,620
50 0.257 0.0175 16,400 36.60 23,72 650 16,400 17,050
68 0 * 441 0.030 16,130 37.50 24.32 1,320 16,130 17,450
86 0.71 0.0483 15,920 38.42 24.88 2,000 15,920 17,920
104 1.07 0.0727 15,670 39.33 25.47 2,700 15,670 18,370
122 1.79 0.122 15,420 40. 26 26. 02 3,420 15,420 18,840
140 2.69 0.183 15,200 41.18 26.58 4,150 15,200 19,350
158 3.91 0. 266 14,900 42. 08 27.16 4,900 14,900 19,800
176 5.60 0.381 14,630 43.00 27.72 5,670 14,630 20,300
194 7.80 0. 531 14,330 43.93 28.28 6,44-0 14,330 20,770
212 10.68 0.733 14,080 44. 86 28.83 7,250 14,080 21,330
230 14.68 0.998 13,780 45. 80 29. 33 8,070 13,780 21,850
248 19.1 1.30 13,430 46.72 29.92 8,890 13,430 22,320
266 26.0 1.77 13,120 47.62 30.46 9,750 13,120 22,870

vapor mixtures were obtained by drawing a straight line between
the enthalpies of the two pure vapors. Tie lines can be drawn
in by using the vapor-liquid equilibrium data of Rosanoff, Bacon
49
and Schulze which are reproduced in convenient nomographic
17
form by Oriswold, Andres and Klein. The results of these cal-




ENTHALPY CONCENTRATION DATA FOR LIQUID
BENZENE-TOLUENE MIXTURES
Mol °]o Benzene 0 20 40 60 80 100
Pressure Enthalpies, as
above 32°F.
Btu/lb. mol. of saturated vapor
740 mm* 8005 7115 6370 5740 5270 4860
760 mm* 8090 7198 6457 5830 5345 4900








The fractionating column was constructed in the departmental
shops. All parts were made of steel unless otherwise noted below.
The column and auxiliary equipment (Figures 1 and 2) consist of:
Fractionating; Column
The column proper consists of flanged sections of 6-inch
standard pipe, and has twelve plates, each spaced 12 inches apart.
As seen on Figure 14, each plate has two 3^-inch diameter Vulcan
opposed-tangential-slot bronze bubble caps resting on the plate,
and separated by a baffle so that the liquid passes each cap in
series in travelling across the plate. Overflow pipes are one-
inch standard pipe, and project through the plate to a height of
one inch to form the overflow weir. The cap slots are 9/16"
high, giving a minimum slot immersion of 7/16 ,f . The bottom end
of each overflow pipe is notched out and rests on the plate be-
low.
Plate 12 (the top plate) has an inlet for the reflux, and
Plates 10, 8,6, 4, and 2 have feed inlets, all of three-quarter
inch pipe. Liquid sample lines from each plate are connected to
individual coolers, consisting of coils of one-quarter inch
copper tubing mounted in a common jacket of two-inch electrical
conduit through which water flows.
Reboiler






pipe 3 feet long and closed on one end by a. welding cap. The
other end has a welded flange to which is bolted a flat cover.
The ends of the steam coil pass through the cover plate and the
coil consists of twelve 3y-foot lengths of one-inch standard
pipe connected by return bends and arranged in tiers of 3,4,
and 5 pipes respectively. A gauge glass and manometer are in-
cluded on the reboiler as well as the necessary drains, outlets,
and inlet.
Condenser and Bottoms Cooler
These are identical pieces of equipment. Each is a double-
pipe heat exchanger, with water in the annular 1 space between the
3-inch and 3-inch pipes, made in three lengths of 5 feet each
connected by ammonia-type condenser fittings and union return
bends. The vapor pipe from column to condenser is a. 3-inch.
Reflux Proportioner
This device, shown in figure 15, receives all of the con-
densate from the condenser and divides it into overhead product
and reflux streams. The tapered bobs were actually used to get
coarse adjustment only, the fine adjustments being obtained with
valves in the exit piping.
Insulation
The column is covered with standard moulded 85 per cent
magnesia 6-inch pipe insulation. The protruding flanges are
covered with a double layer of asbestos paper. Plastic magnesia
is used to cover the reboiler, column top, and the tops and bot-
44
toms of the column plate flanges. All of this insulation is
covered with Johns-Manville Insulkote. Vapor and steam piping
and the feed line are lagged with standard magnesia pipe insu-
lation.
Steam and Condensate Piping
All piping is standard. The pressure reducing valve on
the steam line is a Klipfel ball-type valve, pilot-controlled
and air-loaded, and gives very satisfactory control of steam
pressure in the reboiler coil. A baffle-type condensate separ-
ator in the steam line immediately before the reboiler coil de-
livered approximately 99 per cent quality steam, as determined
by a throttling calorimeter. Armstrong steam traps (inverted
bucket type) are installed on both condensate separator and in
the condensate line from the coil. The steam condensate can be
either weighed in a collecting barrel or discharged to the drain.
Tanks
Three covered, welded, steel tanks are provided for re-
ceiving distillation products and for storage. These are
equipped with gauge glasses and vent condensers and are so piped
that any product can be put into any tank. The tanks are con-
nected through a piping manifold to the inlet of a 60 gpm.
Ingersoll-Rand centrifugal pump which delivers the materials to
the feed tank (also of welded steel construction) which is lo-




Schutte and Koerting and Fischer and Porter rotameters in
sizes from ho. 1 to ho. 4 are used to measure all hydrocarbon
flows. Those with stainless steel floats were factory calibrated;
those with duralumin (17 ST alloy) floats were c&libre.ted in place.
A ho. 5 rotameter with stainless steel float measures the flow of
water to the condenser. Orifice meters are installed on the con-
denser by-pass water line for measuring higher rates of flow than
the rotameter will handle, and on the water line to the cooler.
Thermocouples
Iron-constantan single-junction thermocouples are used for
all temperature measurements. These are provided with a 32-degree
Fahrenheit cold junction by being led to oil-filled cold junction
tubes which in turn are immersed in vacuum bottles containing
water and ice. All couples are connected through a multi-point
selector switch panel to a portable Leeds and Northrup potentiom-
eter. Temperatures measured are: liquid on each plate, all
streams entering and leaving both condenser and cooler, reboiler
liquid, feed, steam condensate, and inlet and outlet of the steam
calorimeter (see Table 14). Thermocouple wells are made of one-
quarter inch pipe welded, closed and filled with light lubricating
oil. All thermocouples were calibrated in place, the resulting
calibration curve giving a consistent but slightly low reading
(constant negative difference of 0.11 millivolts) compared to
standard tables. This enabled use of these tables merely by
adding 0.11 millivolt to the observed EmF reading.
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MATERIALS
Both the benzene and the toluene used in this work were
"Industrial Pure" products donated by the Koppers Company, and
presumably are from byproduct coke oven operations. The puri-
fication of these hydrocarbons has been completely described by
4
Bowden, and will therefore be only briefly outlined here.
Preliminary distillations on tne original materials showed
that both contained impurities boiling both higher and lower
than the pure substances. In order to reduce the amounts of
high-boiling impurities, the as-received hydrocarbons were rerun
in the column and the bottoms rejected. The overhead products
from these batch distillations were then azeotropically distilled
in the column to remove the low-boiling impurities. Azeotrope-
formers used were acetone for the benzene and methyl ethyl ketone
for the toluene. Properties of both hydrocarbons, best cuts, and
final products, are compared with accepted values for these con-
stants in Table 5.
TABLE 5








0r igi rial mg,t er ial 1.49647 0.8728
Purified - Cut 40 1.49686 0.8730
Purified - Cut 41 1.49701 0.8732
Purified - composite 1.49623 -
Literature - Ref. 31 1.4979 0.3737
B. Toluene
Purified - Cut 22 1.49338 0.8621
Purified - composite 1.49328 -




The method used to analyze the mixtures of 'benzene and
toluene column samples was the boiling point of the liquid.
Boiling-point apparatus was constructed in duplicate and was
the modified Cottrell boiling point apparatus described by
Griswold and coworkers, further modified by the addition of
a drain tube with stopcock extending out from the bottom of
the tube and sloped slightly downwards from the horizontal to
facilitate draining of a used sample.
Known mixtures were run in each apparatus to obtain an
overall boiling point-composition calibration curve for these
instruments. The original data for this chart and the quanti-
ties calculated from it are given in Table 6 and in graphical
form in Figure 16.
The corrections to observed boiling point for deviation
of barometric pressure from 760 mm. were ma.de throughout by
use of an average value of (dt/dp). Since the difference in
(dt/dp) for benzene and for toluene is small, the- use of an
average was considered justified. Values of (dt/dp) given in
33
the tables are from API Research Project Mo. 41.
Runs to Determine Heat Loss
Fourteen runs were made to determine the heat loss from
the column and other parts of the equipment. All of these runs
were made at total reflux in order to simplify calculation.
After operating the equipment for some hours to attain thermal
48
TABLE S
BOILING POINT CALIBRATION CURVE
equilibrium, the following data were taken: weight of steam
condensate collected during a measured time interval, steam
pressure, steam condensate temperature, water rate to the con-
denser, and inlet and outlet temperatures of the condenser water
On one run, surface temperatures of various parts of the
equipment were measured, and these, with known areas and calcu-
lated heat transfer coefficients, enabled an approximation of
heat loss from each component part, so that the total could be
correctly apportioned among the various parts of the unit.
Summaries of the data on these runs and of the calculations











0 1 110.1 751.5 110.5
2 110.1 751.5 110.5
21.15 1 102.3 752.0 102. 7
2 102.4 751.5 102.8
42.1 1 95. 3 751.5 95.7
2 95.4 751.5 95. 8
61.7 1 89.2 751.5 89.6
2 89.3 751.5 89.7
81.3 1 84.2 751.5 84. 6
2 84.1 7bl. 5 84. 5
100 1 79.8 752 80.2
2 79.8 752 80.2

Toted Reflux Runs
These runs were made in several series. Here the only var-
iables of interest are vapor velocity and composition of the
liquid. Ordinarily some 8 to 10 hours (much longer than was nec-
essary as proved by subsequent partial reflux runs) was allowed
for the attainment of equilibrium. The sample lines were purged
about an hour before taking samples of the liquids. At the end
of the run, temperatures of all plates, the reboiler, and the
condenser streams, and all flow rates were recorded. Then liquid
samples of about 25 ml. were taken as fast as possible of over-
head product, from all plates, and from the reboiler.
The conclusion of one run was frequently the beginning of
another, for it was only necessary to change the setting on the
steam pressure regulating valve to alter the vapor velocity. From
there on the entire process was repeated.
From plots of plate liquid composition against plate location
(such as Figure 17) it was apparent that the sample outlets were
not located at the same point on all plates. It will be noted on
Figure 17 that many of the points tend to ’’pair up”; this is
explained on the basis that on one plate the sample line is rela-
tively close to where the liquid leaves the plate, and that on
the plate below the sample line is in a symmetrical location
with respect to where the liquid is discharged onto the plate.
Accordingly, the average composition of the liquid on any plate
was taken to be that given by the curve drawn through the data
when plotted as in Figure 17. This applies both to total and to




gradients in the liquid on the plates of a small column has been
15
conclusively demonstrated.
The calculation of overall plate efficiency was made by the
McCabe-Thiele graphical method. For runs in which the liquid
composition in the upper part of the column approached pure ben-
zene, slight analytical inaccuracies are greatly magnified in
plate calculations and the starting point for the computation of
the number of theoretical plates was chosen as that plate on which
the liquid was approximately 9o per cent benzene. The reboiler
was assumed to be equivalent to one theoretical plate, and accord-
ingly, one theoretical plate was deducted from the total so as
not to include the effect of the reboiler. A specimen McCabe-
Thiele plot is given as Figure 18.
A summary of the original data, of the results calculated
from them, and sample calculations are given in the Appendix.
Partial Reflux Runs
These runs can be subclassified into: (1) those in which
the feed was introduced on one of the plates in the column, and
(3) those in which the overhead product was recycled to the re-
boiler (13 plate enriching column).
The unit was started up at total reflux for all runs and
left on total reflux until temperatures became constant. Then
the feed valve was opened and adjusted to the desired position,
and the overhead and bottoms products streams started. There
was seldom sufficient feed stock on hand to run long enough to
insure steady conditions; consequently the products streams were
mixed and recycled to the feed tank at intervals.
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When plate temperatures remained essentially constant for
about an hour or more, it was assumed that equilibrium had been
attained, and samples were drawn, using the same procedure as in
total reflux runs.
Equivalent theoretical plates for partial reflux runs were
also calculated by the McCabe-Thiele method. The two terminal
compositions, overhead and bottoms compositions, were available
from the sample analyses. The slope of the enriching line was
calculated from the metered flows of reflux and of overhead pro-
duct, corrected for vapor condensed by the cold reflux and the
heat loss from the column. Both of these corrections were made
by calculating (see sample calculation for Run 39 in Appendix)
the vapor condensed and adding this quantity to both liquid and
vapor streams. For the heat loss correction, an average heat
loss of 5 3tu. per minute for each column section of one plate
and an average latent heat were used. The heat loss correction
was significant only at vapor rates of about 0.5 feet per second
and less.
The intersection of the operating lines was taken as the
experimental feed plate liquid composition. From this inter-
section a straight line was drawn to the intersection of the x
coordinate of the bottoms composition and the 45 degree line.
Then the number of theoretical plates was stepped off in the
customary manner, as illustrated in Figure 19.
The calculation for the twelve-plates-enriching column




one operating line was determined by the overhead composition
and the slope calculated from the metered overhead quantities
and corrected for cold reflux and heat loss at several points.
This is illustrated in Figure 20.
Summaries of the original data for all partial reflux runs
are given in the Appendix, as well as sample calculations and
a tabular summary of the various calculated quantities.
Murphree Plate Efficiencies
The Murphree plate efficiencies for several of the runs
were calculated for comparison with the overall efficiencies,
and to determine the effect of concentration on efficiency.
Figure 21 shows the graphical method of determining the corres-
ponding values of and from plate liquid samples needed to
calculate the Murphree individual plate efficiency. The formula
for this is given by Griswold‘S and by Underwood00 for ,fplate
(n) fl as
where \
x equals efficiency calculated for liquid compositions
and xj is the composition of liquid in equilibrium with yn .
Tabular calculations are given in the Appendix.
x-x y - y



































RUNS TO DETERMINE HEAT LOSS
Table 7 Original Data and Calculations
TOTAL REFLUX RUNS
Table 8 Summary of Original Data
Table 9 Calculations Summary
PARTIAL REFLUX RUNS
Table 10 Summary of Original Data
Sample Calculations
Table 11 Calculations Summary
INDIVIDUAL PLATE EFFICIENCIES
Table 12 Murphree Efficiency Calculations
Table 13 Recalculation of Murphree Efficiency to
Liquid Film Basis
THERMOCOUPLE INSTALLATION
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SAMPLE CALCULATION
Run 09: Feed Introduced on Plate 4 (Above Still)
V = R+* P = 0.070 + 0.063 = 0.133
x
y
= 99.4 j0 benzene t = 114°F.
R = (0.070)(8.33)(0.875) / (78.3) = 0.00653 mols/min.
V - (0.00653) (0.133) / (0.070) « 0.01340 mols/min.
Enthalpies of vapor and reflux:
H at 114° = (0.99)(3706) 4 (0.01)(3095) = 3710 Btu/mol
Hat B.P. - = 4930 Btu/mol A = 3330
H of vapor = = 18150 Btu/mol &= 13320
Vapor condensed by cold reflux = (0.0065)(2320) / 13330 =
0.0011 mols/min.
Effect of column heat loss on enriching line:
Heat loss above feed plate = 45 Btu/min.
Average Composition = 88.5y0 benzene
H of vapor = 18,610 Btu/mol.
H of liquid * 5,160 Btu/mol. A = 13,450 Btu/mol.
Mols condensed per minute in 8-plates above feed =
45 / 13,450 = 0.0034
Mols condensed per minute in a, 4 plate section = 0.0017 mols/min.
Too Plate Plate 8_ Above feed
L 0.0065 0.0076 0.0093
ll 17 17
0.0076 0.0093 0.0110
V 0.0124 0.0135 0.0152
ll 17_ 17.
0.0135' 0.0152 0.0169
L/V 0.562 0.613 0.651
0.585 0.630
See Table j$ for original data
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Op Specific Heat at Constant Pressure Btu./lb.
D Distillate Rate Lb.-mol/min.
d Differential Operator
e Base of Natural Logarithms
F Feed Rate Lb.-mol/min.
f’
v ,
Liquid and Vapor film Coefficients
K Enthalpy Btu./lb.-mol
h Enthalpy Btu./lb.
k Constant or Exponent
L Liquid Rate Lb.-mol/min.
M Molecular Weight
m Slope of x-y Equilibrium Curve
n Mol Fraction
n, n-f 1 Subscripts referring to n and
n * 1 pla.tes
P Pressure or vapor Pressure Various
T Temperature, absolute °R or °K
t Temperature, usual °F or °C
V Vapor Rate Lb.-mol/min.
W Bottoms Rate Lb.-mol/min.
X, X Mol Fraction Benzene in Liquid,
y, Y Mol fraction Benzene in Vapor
70
Symbol Term Units
y* Mol Fraction Benzene in Vapor
at Equilibrium
a. 10A Efficiency; overall plate
efficiency
•1 t Murphree Efficiency, Vapor or
A“ >v Jsa> Liquid Film Controlling
r^ y , Murphree Efficiency
Calculated
on Vapor and Liquid Bases
9 Time, time of contact
A Latent Heat of Vaporization Btu./lb.
jJ Mas Compressibility Factor
VII
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